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Discrimination was measured for height, area, and aspect ratio of ovals and rectangles. Random jittering
of the orthogonal property (width, aspect ratio, and area) was used to control the observers’ criterion.
Weber fractions for aspect ratio were consistently lower than those for area, and about the same as those
for height. Performance with ovals and rectangles did not differ signiﬁcantly.
Two different methods were employed to assess the side effects of jittering. It was found that jittering
reduces the discriminability of each property, though less for aspect ratio than for height or area.
The hypothesis that judgements of both area and aspect ratio are linear combination of noisy estimates of
height and width predicts Weber fractions for aspect ratio and for area to be 21/2 times higher than those
for height. Results from unjittered trials clearly reject the hypothesis with respect to aspect ratio but not
for area.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Humans and other creatures frequently have to base their
behavior on judgements about spatial properties of seen objects.
A few examples: will this parcel ﬁt snugly into this box? Is this
bookcase too tall (wide) to ﬁt through this doorway? Is this the
right washer for the screw I am holding? Such judgements are par-
ticularly crucial in certain occupations, for example, dentistry. For
that reason, an entire section of the Dental Aptitude Test. (2000) is
devoted to ‘perceptual ability’ in which the applicant is required to
make all sorts of judgements of spatial dimensions.
There have been relatively few psychophysical studies of our
ability to discriminate properties of simple two dimensional
shapes. Perhaps the earliest was one by Bühler in 1913, as reported
by Woodworth (1938). His two subjects were asked to discrimi-
nate between the aspect ratios of pairs of rectangles of different
sizes and also between the heights of a pair of lines. He found that
discrimination thresholds for aspect ratio were actually slightly
lower than those for length, and concluded that aspect ratio judge-
ments could not be based indirectly on separate estimates of the
lengths and widths of the two rectangles. However, a methodolog-
ical ﬂaw in Bühler’s study casts doubt on his conclusion. The stan-
dard stimulus in his experiments was always the same, followed
by test stimuli of varying heights but the same width. That made
it possible for his observers to use the average height of the series
of test stimuli as a ‘virtual standard’ (Nachmias, 2006) rather than
the aspect ratio of the presented standard stimulus.ll rights reserved.More recently, Regan andHamstra (1991, 1992)measuredaspect
ratio discrimination for rectangles and ovals, with reference
standard ratios between 6 and 1/6. They found the smallest Weber
fractions (around .02) for a reference aspect ratio of 1. Weber
fractions rose rapidly as reference values deviated from unity in
either direction. Height (width) discrimination thresholdswere also
measured, with width (height) randomly jittered. The authors state
that these Weber fractions were comparable to those obtained for
aspect ratio discrimination with reference rectangles of the same
aspect ratios (1.4 and .7). These results also contradict what would
be expected if aspect ratio judgements were based on a linear
combination of height and width estimates, although the authors
themselves do not draw this conclusion.
Morgan (2005) has explicitly considered the hypothesis that
noisy estimates of width and height are in fact the basis of judge-
ments about aspect ratio as well as area of rectangles and ovals. He
measured height and width discrimination with ovals and rectan-
gles, and from these measurements, predicted discrimination
thresholds for aspect ratio and area on the assumption that they
are based on linear combinations of noisy estimates of height
and width. He reports that area discrimination is worse than
predicted for both ellipses and rectangles. The results are less
clear-cut for aspect ratio discrimination. One observer’s aspect
ratio discrimination was better than predicted with ellipses and
worse with rectangles, while for the other observer, the hypothesis
could not be rejected for either shape.
Ellipses and rectangles can be speciﬁed by two orthogonal
pairs of properties: height/width and area/aspect ratio. Any at-
tempt to measure the ability to judge just one property runs into
the following dilemma: while it is possible to vary one property
independently of the orthogonal member of the pair, doing so
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ties. So for example, one can vary aspect ratio or area of a rectan-
gle independently, any such change will be reﬂected in a change
of either the height or width, (or both) of the rectangle. Therefore
one cannot be certain that the observer’s judgment might not be
based on differences in height or width rather than aspect ratio.
As discussed above, previous investigators chose to get around
this problem by jittering the orthogonal property. If while varying
aspect ratio systematically one randomly jitters area, the changes
in height and width are no longer perfectly correlated with vari-
ations in aspect ratio and hence less correlated with response
feedback, therefore less likely to form the basis of the observer’s
response.
However, this strategy may have other, undesirable conse-
quences. For example, Morgan (2005) reported that accuracy of
area judgements tends to be higher on trials where height and
width of the comparison and test stimuli differ in the same
direction, rather than in the opposite direction. In effect, he
has shown that area judgements are affected by aspect ratio dif-
ferences, because in the ﬁrst subset of trials, the standard and
test stimuli differ less in aspect ratio than in the second subset.
By a similar analysis, he showed that height judgments are af-
fected by width differences, and vice versa. There is no assurance
that these undesirable effects of jittering are of similar magni-
tude for all types of judgements, Therefore, the observed differ-
ence between area and aspect ratio tasks on all jittered trials
combined might well be due to difference in the magnitude of
these side effects.
2. Experiment 1
Purpose. A major goal of the present investigation was to assess
observers’ ability to discriminate properties of rectangles and ovals
uncontaminated by the undesirable effects of jittering. To that end,
for some observers, trials with jittering were randomly intermixed
with trials without any jittering at all.
2.1. Methods
2.1.1. Apparatus and stimuli
The standard stimuli used in these experiments are illustrated
in Fig. 1: a black square in the center of a circular gray window
and a black oval in the center of a square gray window (lumi-
nance = 34 cd/m2). The stimuli were presented on an Apple Multi-
scan 17” monitor, viewed binocularly from 173 cm. At that
distance, the side or diameter of the stimulus window subtended
7.1 of visual angle. The sample stimuli in Fig. 1 subtended 2.3
and pixel size was approximately 0.7 min arc. Stimulus generation,
data collection and analysis were performed with MATLAB soft-
ware incorporating appropriate routines from the Psychophysics
Toolbox (Brainard, 1997; Pelli, 1997).Fig. 1. The standard stimuli used in these experiments: a black square in the center oThe shapes of the window and stimulus were not the same in
order to reduce the likelihood of the window being used as a
simultaneous standard. For the same reason, the center of the
stimuli were randomly moved on each presentation within a
0.45  0.45 area around the center of the wndow.
2.1.2. Procedure
A two-alternative, temporal forced-choice procedure with feed-
back was used throughout this study, Each trial consisted of two
0.17 s observation intervals separated by 0.5 s. A standard stimulus
appeared in one of the two intervals chosen at random on each
trial, while a test stimulus was shown in the other interval. One
of the two shapes (rectangles or ovals) was used throughout each
block of 80–96 trials.
In each block of trials, the observer was instructed to compare
one of three properties of the stimuli presented in the two intervals
of a trial––either their height, area or aspect ratio. The value of the
corresponding parameter of the test stimulus was adjusted by
means of a double-staircase psychophysical method, described in
detail in a previous paper (Nachmias, 2006). In order to save time,
width discrimination was not measured in this study. This seemed
unnecessary, since Morgan (2005) and Regan and Hamstra (1992)
have already shown that there is no difference between height and
width discrimination for such stimuli.
Unfortunately, instructions are not sufﬁcient to guarantee that
the observer’s judgement is based solely on the designated prop-
erty of the presented stimuli. The reason is that the pairs of orthog-
onal parameters—width/height, area/aspect ratio—specifying these
ﬁgures are intercorrelated. Thus, for example, any change in area
entails a corresponding change in at least two of the other param-
eters. To reduce that correlation, thereby encouraging the observer
to consider only the designated property of the ﬁgures, their height
and width were randomly jittered at each presentation in the fol-
lowing manner: when height was to be judged, width was jittered
within ±20% of its base value, while when area (or aspect ratio) was
to be judged, height was jittered by a similar amount. However, in
the latter case, width was then adjusted to restore the area (or as-
pect ratio) to the desired value. In effect, this produced an area var-
iation of between 1.44 and 0.64 times its base value on aspect ratio
trials, and an aspect area variation of similar magnitude on area
trials.
Jittering was applied independently to the test as well as the
standard stimulus of every trial for observers 5–7 in the present
study. In order to estimate the undesirable side effects of jittering,
for observers 1–4, jittering was applied only on a random half of
their trials. On the rest, the orthogonal variable was not jittered
but rather set to its base value. For example, in area blocks, stan-
dard and test stimuli had the same aspect ratio on approximately
half the trials, and different on the remainder. In fact, on unjittered
trials, the standard stimuli were exactly the same, regardless of the
type of judgement required of the subject. The results from the twof a circular gray window and a black oval in the center of a square gray window.
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to assess the effect of aspect ratio jittering on area judgments. Sim-
ilar analyses were used to assess the effects of area jittering on as-
pect ratio judgments, and of width jittering on height judgments.
Seven University of Pennsylvania undergraduates participated
in this experiment. They all reported to have 20/20 acuity.
2.1.3. Data analysis
For each observer, trials from each combination of stimulus ﬁg-
ure type, base aspect ratio, and judgement criterion were pooled
across blocks of trials collected over 2–4 days. The resulting sets
of data comprised a minimum of 480 trials, Each trial was repre-
sented by the measure M, deﬁned as the value of the relevant
parameter of the test stimulus, divided by the comparable value
of the standard stimulus. The response measure, R, was the propor-
tion of trials on which the observer reported that the designated
property of the test stimulus was ‘greater’ than that of the standard
stimulus.
Cumulative Gaussian psychometric functions were ﬁtted sepa-
rately to each set of R vs. log(M). The ﬁtting was done with psigniﬁt
version 2.5.6 (see http://bootstrap-software.org/psigniﬁt/), a soft-
ware package which implements the maximum-likelihood method
described by Wichmann and Hill (2001). The beta parameter esti-
mated by psigniﬁt is the standard deviation of the best-ﬁtting
cumulative Gaussian; it was converted to the conventional Weber
fraction, plotted in the ﬁgures below.
2.2. Results
2.2.1. Effects of judgement task and type of ﬁgure
Observers had to discriminate changes in either the height, area,
or aspect ratio of stimuli like those illustrated in Fig. 1. That is, be-
fore jittering standard stimuli had unity aspect ratio, squares or cir-
cles of the same size (2.3 side or diameter. The results from all
jittered trials are summarized in Fig. 2. Each set of three bars plots
theWeber fraction for each observer’s height, area, and aspect ratio
judgements, respectively.
The ﬁgures show that––as in Morgan (2005)––area discrimi-
nation is consistently worse than aspect ratio or height discrim-
ination. In accord with Regan and Hamstra (1992) there was no
consistent difference across observers between height and aspect
ratio discrimination. Furthermore, performance with ovals was
about the same as with rectangles. These conclusions aboutFig. 2. Results from all jittered trials. Each set of three bars plots the Weber fractithe present ﬁndings were conﬁrmed by appropriate statistical
tests.
Fortunately, the presence of unjittered trials does not seem to
have affected performance on jittered trials: the average perfor-
mance of observers 1–4 where jittering occurred only with a prob-
ability of 0.5, is about the same as that of observers 5–7, all of
whose trials were jittered.
2.2.2. Effect of jittering
Following Morgan’s suggestion, jittered trials were separated
into two subsets: thosewhere the direction of jitter was in the same
direction on test and standard stimuli, and thosewhere it was in the
opposite direction. The Weber fractions estimated from those two
subsets are plotted against each other in Fig. 3a–c, with the shapes
of the symbols corresponding to the shapes of the stimuli. In agree-
ment with Morgan (2005), Fig. 3a shows that (with one exception)
Weber fractions for height were larger on trials where width was
jittered in the opposite direction. However, from Fig. 3c it appears
that, unlike Morgan’s observers, the ones in this study did not con-
sistently produce largerWeber fractions on ‘‘opposite direction” tri-
als when area was to be judged; if anything the reverse was the
case. This discrepancy might be due to the fact that Morgan jittered
the sides of his ﬁgures over a much larger range (±50% rather than
±20%). As a consequence, his observers had to judge area in the face
of much greater differences in aspect ratio. The results of the unjit-
tered trials in this study add weight to this conjecture.
The effect of jitter direction on the aspect ratio task was inter-
mediate to that on the area and height tasks (see Fig. 3b). Morgan
apparently did not analyze aspect ratio judgements in a similar
manner, perhaps because he used between-trial aspect ratio jitter,
as well as within-trial area jitter.
Although the difference between test and standard stimuli on
the orthogonal property in each task was less on ‘‘same” trials than
on ‘‘opposite” trials, it was still not zero. For that reason, results
from ‘‘same” trials cannot be assumed to be free of undesirable side
effects of jitter. This is shown in Fig. 4a–c which are based on the
results from only the four observers in this study for whom a ran-
dom 50% of trials had no jitter. Empty symbols replot ‘‘opposite” vs.
‘‘same” Weber fractions from Fig. 3a–c. Filled symbols plot ‘‘oppo-
site” vs. ‘‘none” Weber fractions, the latter based on trials with no
jitter presented within the same block of trials.
The effect of residual test-standard difference in the orthogonal
property can best be seen in Fig. 4c for the area task. In every in-on for each observer’s height, area, and aspect ratio judgements, respectively.
Fig. 3. (a) Weber fraction for height on trials where direction of jitter was opposite on standard and test trials vs. Weber fraction for trials on which it was in the same
direction. Shape of symbol indicates type of ﬁgure presented. (b) Weber fractions for aspect ratio. (c) Weber fractions for area.
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empty symbols, and the latter are above the diagonal. That means
that performance on ‘‘none” trials was invariably better than on
‘‘same” trials within the same block, and also that performance
on ‘‘different” trials was invariably worse than on ‘‘none” trials.
In short, aspect ratio differences make area judgments harder, even
though the amplitude of jitter in the present study was much smal-
ler than in the one by Morgan (2005).
The situation is quite similar for height judgements (Fig. 4a) but
less clear in the case of the aspect ratio task (Fig. 4b). Here, there
are four instances in which Weber fractions from ‘‘different” and
‘‘none” subsets of trials are about the same. In other words, aspect
ratio discrimination does not necessarily suffer when areas of test
and standard differ.2.2.3. The linear combination model revisited
The hypothesis states that observers’ judgements of both area
and aspect ratio are based on a linear combination of noisy esti-
mates of height and width. On that hypothesis and the additional
assumption that no additional sources of noise exist, Weber frac-
tions for both properties should be (a) equal and (b) 21/2 times
greater than that for height or width. The ﬁrst part of the predic-
tion has already been disconﬁrmed by the ﬁnding that aspect ratio
discrimination is consistently better than area discrimination. The
second part is tested in Fig. 5 in which Weber fractions for area
(ﬁlled symbols) and for aspect ratio (empty symbols) are both plot-
ted against those for height. To avoid any possible contamination
with effects of jitter, only data from unjittered trials from observers
1–4 are plotted in these ﬁgures. The dotted line in the ﬁgure of
Fig. 4. (a) Weber fraction for height on trials where direction of jitter was opposite on standard and test trials vs. Weber fraction for trials on which it was in the same
direction (empty symbols) or unjittered trials (ﬁlled symbols). Shape of symbol indicates type of ﬁgure presented. (b) Weber fractions for aspect ratio. (c) Weber fractions for
area.
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bination model.
All eight empty points in Fig. 5 lie below this line, so it is safe to
conclude that the present observers discriminate aspect ratio bet-
ter than predicted by the hypothesis. In fact, except for two in-
stances, all the point lie quite close to the solid line which
represents equal discriminability of height and aspect ratio.
The situation is quite different for the solid symbols in Fig. 5
which compare area and height discrimination. The data points
seem to straddle the dotted line of slope 1.41. In ﬁve out of eight
instances, the line is quite close to the points, well within their
95% conﬁdence intervals (not plotted, to avoid clutter). So one
could not reject the hypothesis that, in this experiment, area dis-
crimination is based on a linear combination of noisy estimates
of height and width.3. Experiment 2
Purpose. The data used to compare the effects of jittering in
the previous experiment differed also in the values of the task-
irrelevant variable. For example, when area was to be judged
on ‘same’ trials, the standard stimulus was always a perfect
square or circle, whereas on jittered trials, the aspect ratio of
standard could vary between 1.44 and 0.64. If it were harder
to judge area at the more extreme aspect ratios, that might ac-
count for the inferior discrimination performance under jittering.
The second experiment was meant to assess the effect of jittering
by a method that is free of this objection. At the same time, the
data from this experiment will make it possible to test the linear
combination hypothesis with standard stimuli of a broader range
of sizes and aspect ratios.
Fig. 5. Weber fractions for area (ﬁlled symbols) and for aspect ratio (empty sym-
bols) both plotted against those for height. Unjittered trials only from observers 1–
4. Dotted line of slope 1.41 is predicted relationship according to hypothesis. Solid
line has slope of 1.
Fig. 6. Weber fractions on ‘opposite direction’ trials plotted against those on ‘same
direction’ trials for observers in Section 3. Circles, squares, and stars represent he-
ight, area, and aspect ration judgements of Section 3 observers.
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The methods of this experiment differed from those of the pre-
vious one in the following respects:
a. Only oval stimuli were used.
b. The amplitude of jitter of each dimension was increased
from ±20% to ±50%.
c. Both standard and test stimuli were jittered, but in two dif-
ferent ways. On every trial, the value of the jittered dimen-
sion of the test stimulus was set by multiplying its base
value by a factor x = 1 + J, where Jwas randomly drawn from
a rectangular distribution spanning the interval [0.5, 0.5].
On a random half of the trials, the standard stimulus was
set by using the exact same factor x; on those trails, there
was no between-interval jitter. On the remaining trials, the
factor used for the standard stimuli was x = 1  J, so that
there was negatively correlated between-interval jitter as
well. These two subsets of trials thus represent extreme
instances of same direction and opposite direction jitter, in
Morgan’s terminology. However in each set, the total range
of jittered values was exactly the same on average.
Altogether six new undergraduates participated in this
experiment.Fig. 7. Similar to Fig. 5, but for ‘same direction’ trials of section 3 observers.3.2. Results
Fig. 6 shows the effects of between-interval jitter. Weber frac-
tions on ‘opposite direction’ trials are plotted against those on
‘same direction’ trials; on both sets of trials, the amount of be-
tween-trial jitter was the same. Circles, squares, and stars repre-
sent judgements about height, area, and aspect ratio,
respectively, by individual observers. Between-interval jitter
makes it harder to make judgments about height and area, but
seems to have no effect on aspect ratio judgements.In Fig. 7 Weber fractions for aspect ratio (solid symbols) and for
area (empty symbols), are both plotted against those for height.
These estimates are based on trials with no between-interval jitter,
but unlike those plotted in Fig. 4, with considerable between-trial
jitter. Once again, the solid symbols straddle the line of slope 1.41,
which is the relation between area and height predicted by the lin-
ear combination model. On the other hand, the empty symbols do
not; in fact they indicate that Weber fractions for aspect ratio are
even lower than those for height. (Note that data from two more
observers are plotted in Fig. 7 than in Fig. 6. For those two observ-
ers, the within-interval jitter factors were uncorrelated rather than
perfectly positively correlated.)
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4.1. Rectangles and ovals
There were no consistent differences across observers in experi-
ment 1 on howwell they performed on any of the three discrimina-
tion tasks with these two types of ﬁgures. This ﬁnding is consistent
with the contention of Regan andHamstra (1992), based on their as-
pect ratio after-effect experiments, that aspect ratio discrimination
of ovals and rectangles is performed by a common ‘‘mechanism”.4.2. Relation between height, area and aspect ratio judgements
The results of this study clearly show that judgements about as-
pect ratios of simple forms are far more reliable than those about
their total area. For each observer in both experiments: Weber
Fractions for area are higher than those for aspect ratio. Morgan
(2005) does not directly compare area and aspect ratio discrimina-
tion, but he does compare each of them to height and width dis-
crimination. From these comparisons, one can probably infer that
his data also indicate that discrimination of area is inferior to that
of aspect ratio. Furthermore, in agreement with Regan and Ham-
stra (1992), I ﬁnd that judgements about aspect ratio are at least
as reliable as those about height––even though implicitly the for-
mer involves two spatial dimensions, while the latter only one.
The hypothesis that both area and aspect ratio judgments are
based on a linear combination of noisy estimates of height and
width makes two speciﬁc predictions: (1) discrimination thresh-
olds for area and aspect ratio should be the same. (2) Each of them
should be 21/2 times higher that for height (on the assumption that
height and widths are equally discriminable). The ﬁrst hypothesis
is clearly rejected by the results of this study. The present results
also reject the second hypothesis with respect to aspect ratios,
but not with respect to area. Morgan (2005) seems to have reached
the opposite conclusion: area thresholds were signiﬁcantly higher
than predicted for both observers and both shapes, but aspect ratio
thresholds for rectangles were no better than predicted.
Some of the procedural differences between the two studies
might be at the root of these discrepancies. For both the aspect ra-
tio and area comparison, Morgan used data from jittered trials. In
addition, in the case of aspect ratio trials, not only was there be-
tween- and within-trial area jitter, but also between-trial aspect
ratio jitter. Morgan was in effect pooling results for different base
aspect ratios. Since according to Regan and Hamstra (1992), Weber
fractions for aspect ratio rise rapidly as standards deviate from
unity in either direction, Morgan’s values would be higher than
those for base aspect ratio of 1, which is the value for the standard
used in the present study.4.3. Interaction between properties
Detecting difference in one property seems to be affected by
uncorrelated differences in the orthogonal property. This is most
clearly shown by comparing data from trials with and without
any jitter (experiment 1) or trials with and without between-inter-
val jitter (experiment 2). For example, Weber fractions for height
or area are larger if test and standard stimuli are too disparate in
aspect ratio. Similarly, Weber fractions for aspect ratio are higher
in the face of dissimilarities in area.
It is possible that these are not entirely discriminability effects
but rather byproducts of constant errors. Suppose for example that
the shape of the psychometric function for area were unaffected byaspect ratio disparities, but its location along the area axis de-
pended on aspect ratio differences between standard and test stim-
uli. If aspect ratio is randomly jittered when area discrimination is
measured, then the resulting psychometric function is actually the
average of the various underlying, laterally displaced psychometric
functions, and hence shallower than any one of them.
Some observations by Morgan (2005) regarding ‘biases’ in
height and width judgments suggest that such variations in con-
stant error might exist, as is also reported by Woodworth (1938).
Therefore an attempt was made to ﬁnd evidence for such effects
in the present data by partitioning jittered trials on the basis of
constant-test stimulus differences on the jittered dimension. For
example, on blocks where area was to be judged, separate psycho-
metric junctions were ﬁtted to trials where test stimulus aspect ra-
tio was larger than that of the standard and also for when it was
smaller. However, no consistent pattern of differences in constant
errors was detected.4.4. One mystery remains
How do observers make judgements about area and aspect ratio
of simple ﬁgures? Even when possible artifacts due to jittering are
removed, results from the present experiment clearly reject the
hypothesis that they judge aspect ratio by using linear combina-
tions of independently noisy estimates of height and width: Weber
fractions for aspect ratio are lower than predicted by this hypoth-
esis. Indeed they are generally about the same as for height alone,
or even lower. This might mean that the noise in the two estimates
is not independent, but rather perfectly correlated. In that case, the
apparent success of the hypothesis in accounting for the relation
between area and height judgements in the present experiment
would be fortuitous.
Put together, the results from the two studies make it unlikely
that a simple combination of independent noisy estimates of
height and width can account for both area and aspect ratio
judgment for rectangles and ovals. Special mechanisms for esti-
mating aspect ratio have been invoked by Regan and Hamstra
(1992) and a ‘‘variety of heuristics” were proposed by Morgan
(2005) for estimating area. Such special heuristics for area judge-
ments are rendered unnecessary by the results of the present
study. Furthermore, it is by no means obvious why special mech-
anisms for processing squares and circles should have evolved,
since the visual system is rarely confronted with that task. What
may be ‘special’ about a circle and square is that each can be
speciﬁed by two spatial variables (height and width) that are
equal. However, this property is not unique to circles and
squares.
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